We present a contact method for local measurements of liquid film thickness and temperature. The sensing element is
INTRODUCTION
The rapid development, miniaturization, and increase in the power density of electronics places greater emphasis on the performance and limits of today's thermal management solutions. Use of new materials with high thermal conductivity and low-dimensional structures (Goyal and Balandin, 2012) , together with microchannel two-phase flows, can further increase the heat transfer efficiency in cooling systems with phase transitions, such as boiling, condensation, and evaporation (Bar-Cohen and Holloway, 2015; Gatapova and Kabov, 2008) . Of great interest to engineers and researchers is the possibility of using ultrahigh-intensity evaporation of thin liquid films. The transition between the continuum and molecular scales for a continuous description of phase transition and wetting phenomena is still an open challenge. More refined experimental approaches are needed in order to probe interfacial conditions during the phase change. Methods for measurements of interfacial temperature and liquid film thickness are in high demand. Existing methods for measuring thin liquid film thickness can be classified into two types: contact and non-contact methods, see for example the review by Alekseenko et al. (1994) .
Non-contact methods are usually based on measurements of light or radiation absorption (Hewitt and Hall-Taylor, 1970; Lilleleht and Hanratty, 1961) and optical and fluorescence techniques (Hewitt et al., 1964) . Shadowgraphy and schlieren imaging are successfully used to measure the liquid film thickness and surface deformation for thickness usually greater than 30-100 µm depending on the optical resolution of the system. Recent advances in measurements of thin liquid films with thickness less than 100 µm are due to optical methods such as confocal microscopy and interferometric techniques (Gatapova et al., 2018; Truong and Wayner, 1987; Unterberg, 1961) . To measure the height of a thin liquid film and obtain the film profile near the contact line, ellipsometry and interferometry have been applied by Wayner and co-workers (Panchamgam et al., 2008; Truong and Wayner, 1987) and reflectometry has been used by Hanchak et al. (2013) .
However, there are many cases where contact methods are indispensable. The most common contact methods are conductance, capacitance, electrical contact, and needle techniques. The film conductance method consists of measuring the conductance between two electrodes passing through a non-conducting wall so as to be flush with the inner surface. The needle contact method (Brauer, 1956) consists of bringing up a needle to the film surface and noting the distance from the wall at which the needle makes contact with the film. The method can be modified to be an electrical contact method by closing an electrical circuit between the needle and conductive wall.
We present a new contact method to measure the liquid film thickness using microthermocouple of characteristic size 2-3 µm and a micropositioning motorized stage with a small step size. The method is based on the existence of the abrupt temperature difference in temperature profile at the liquid-gas/vapor interface. In some cases, when the Knudsen layer is relatively large (at reduced pressure condition, high evaporative mass and heat fluxes, and/or light molecular weight), this measured temperature difference corresponds to the temperature jump value.
The existence of a temperature jump in the Knudsen layer at the interface during evaporation and condensation is known in kinetic theory for a long time (Pao, 1971) as phase transitions occur under non-equilibrium conditions. Experimental data on the temperature jump at interfaces for different fluids are available in the literature (Fang and Ward, 1999; Gatapova et al., 2017; Rose, 1998; Shankar and Deshpande, 1990) . It has been shown that the temperature jump can be detected even for normal atmospheric pressure condition (Gatapova et al., 2017) .
The presence of the temperature jump is also related to thermal resistance. This effect is similar to the occurrence of interfacial discontinuities due to the Kapitza resistance at nanoscale liquid-solid interfaces (Swartz and Pohl, 1987 ), but we consider the thermal resistance of the liquid surface at liquid-gas interfaces. The principle of using adopted microthermocouples for nanoscale mapping of solid surface thermal properties is implemented in various types of scanning thermal microscopy (SThM) (Kim et al., 2008; Majumdar, 1999; Timofeeva et al., 2016) . In this case, the spatial resolution depends on the technique and can be less than 1 nm for scanning Joule expansion microscopy. Nanoscale heat transport is of great importance as it often determines the performance of modern processors and thermoelectric nanomaterials and affects the functioning of chemical sensors and biosensors. A method for measuring the thermovoltage with a high spatial resolution (Sotthewes et al., 2016) for scanning tunneling microscopy and thermal rectification for immiscible water-hexane condition have recently been considered by Murad and Puri (2016) .
Our contact method does not need an optical visualization system and optical transparency of the test cell; moreover, the solid substrate can be made of any material. A feature of the measuring system is a specially developed software for synchronizing microthermocouple readings and the position of the motorized stage. As a result, the thickness of the liquid layer is determined automatically in a high-resolution mode. The accuracy of the method depends on the sizes of the microthermocouple bead and the motorized stage step, which can be improved using nanosized devices with resolution comparable to that of scanning thermal microscopy (Kim et al., 2008; Majumdar, 1999) .
MEASURING SYSTEM AND PROCEDURE
Figure 1(a) shows a schematic diagram of the main measuring part of the experimental setup for film thickness measurements. The methods are tested using a setup that allowed control of the conditions in the gas phase and the solid substrate. The details of a setup are described in work by Gatapova et al. (2017) . Liquid is injected into a test cell and forms a thin liquid layer. Two types of test cells are used for testing. Test cells have a heater so that measurements can be taken under different operating conditions. First is a round cuvette with a diameter of 35 mm and a height of 1 mm. The cuvette has a local heater with a diameter of 1.6 mm. The second test cell is a sapphire round plate with Polyimide Thermofoil Heater (Minco). The latter is used for formation of relatively thin liquid films. The measurements are performed under quasi-stationary conditions, when the temperature of the heater is stabilized. The whole apparatus and test cell are placed in a box which remains covered during the experiment to avoid external flow perturbations. In order to check our method the measurements have been made for four different type of fluids, H 2 O (Ultrapure, MilliQ), C 2 H 5 OH (99,9%), CH 2 I 2 (99%, Sigma-Aldrich), and HFE-7100 (3M TM Novec TM ).
The main measuring device is a microthermocouple with a sensor (bead) of about 3 µm thick. We have manufactured special microthermocouples with a flat bead of two different geometrical forms. The sensor wires were Volume 6, Issue 3, 2018 lengthened by welding long wires of the same material, insulated, and placed in a glass tube filled with a photopolymer to increase the strength of the construction. Photographs of the manufactured microthermocouples sensors are presented in Fig. 1 . The orientation of the microthermocouple which measures the temperature in the gas and liquid phases is chosen so as to avoid the influence of thermal conduction along the wires. The horizontal section of the microthermocouple which is located along the liquid-gas interface and, therefore, along an isotherm ( Fig. 1) , is approximately 20 times longer than the size of the junction; thus, the conduction along the wire is expected to be negligible. E-and L-type microthermocouples have been manufactured and tested. Standard thermocouples of the K-type (with a sensor size of 76.2 µm, Omega) are located in the heater, air, and liquid, which provides additional temperature control. The cold junctions of the microthermocouples are soldered to copper wires and adjusted to the electronic zero point Fluke 9101. Calibration is performed using as references two resistance temperature detectors in a temperature range of 5-100
• C. The calibration curve is approximated by a polynomial of the sixth degree. The equipment provides an accuracy of all thermocouples of 0.03
• C. A data collection terminal unit (National Instruments TB-9214) acquires data from microthermocouples.
The liquid film thickness is measured as follows: a precise micropositioner (Zaber, T-LSM025A) with a minimum step size of about 48 nm moves the main microthermocouple fixed in a special holder from a position in air above the liquid film and then passes through the liquid-gas interface with constant speed, Figs. 1(a) and 2. The micropositioning stage ensures a minimum speed of about 220 nm/s. The frequency of microthermocouple readings with the used data collection system in the high-resolution mode is 150 ms −1 . Thus, the spatial uncertainty of the temperature measurements does not exceed the microthermocouple bead size, 3 µm. To ensure an error less than 10% using a microthermocouple with a sensor thickness of 3 µm, the film thickness should be above 40 µm.
We have developed a special C++ software program which synchronizes all the measuring and experimental procedures via time. In particular, the program records the time and position of the microthermocouple sensor and the time and temperature values from the thermocouple data collection terminal unit, synchronizing the current position and temperature of the sensor in real time. The coordinate of the liquid-gas interface is determined from the time of temperature jump (or abrupt temperature change) detection when the microthermocouple sensor touches the liquid film surface in passing through the liquid-gas interface. The program automatically gives the value and position of the abrupt temperature change, provides the required graphs, and collects all necessary data. To calculate the thickness, it is first necessary to determine the position of the bottom which is assigned the zero point. We have done this using one of three methods. The first method is to determine the position of the bottom for the dry substrate, onto which the liquid is not yet injected, from the readings of the same microthermocouple (with or without heating of the substrate); the temperature is stabilized when the substrate is reached. As we have time synchronization, we determine this point up to the bead thickness. The second method involves video recording of the optical system -the position is recorded at the contact of the microthermocouple. The third method is the easiest. We have a calibrated bar, which is placed on the substrate, and using photographs, data on the microthermocouple position from the micropositioner console, 
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and analysis of the images, we determine the position of the bottom up to 1-2 pixels (our shadow method provides a resolution of 3 µm per pixel). The coordinates of the bottom are given as input data. Thus, once the coordinates of the bottom are given, it is assigned the zero point and the thickness is determined unambiguously when the thermocouple touches the film surface. The detection of the interfacial position by microthermocouple requires a liquid-gas interface to be out of equilibrium. And, the detection of the interfacial position by microthermocouple, in particular, depends on the accuracy of measurements. Our equipment at the moment can provide an absolute accuracy of 0.03
• C. However, it is experimentally established that the deviation in temperature larger than 0.01
• C is clearly detected and film surface position can be constructed. Speed of microthermocouple displacement should be less than 15 µm/s for frequency of readings from microthermocouple of 150 ms −1 , which will provide the accuracy of 3 µm. Quasi-stationary conditions are not necessary for measurements of the liquid film thickness. The proposed method for measuring film thickness works under unsteady conditions as well. As inherent to all contact methods our method is not high-speed method. The time scale which can be resolved depends on the frequency of readings from thermocouple and speed of microthermocouple displacement. In particular, for accuracy of 3 µm you will need about 300 ms if using the same apparatus. More precise micropositioning and high-resolution data acquisition systems available in the market can improve the time scales. For example, positioners with a step of less than 0.1 nm are currently available in stock, which are used in scanning microscopy.
One of the important requirements is minimization of the external flow perturbations and relatively large temperature fluctuations in the gas, which makes it difficult to detect the interface. The presented technique for local measurements cannot be applied for very thin film because there is a size limitation by the present time.
RESULTS AND DISCUSSION
Figures 3(a) and 3(b) show an example of the obtained graphics on the temperature profile (black line) across airwater layer and the delay in data synchronization (blue line). Figure 3 (a) presents the temperature profile without heating. The existence of the temperature jump can be clearly seen. The measurement is done with the frequency of reading from microthermocouple of 500 ms −1 . It can be seen when no heat is applied that the negative value of the temperature jump is measured, i.e., the temperature in the air near the liquid-gas interface is larger than in liquid. This fact has a simple explanation. First, the test cell and the experimental box are not thermostabilized and hot air usually moves to the upper part of the box; as a result temperature in the upper gas phase is higher. Second, evaporation takes place and the temperature in the air near the liquid-gas interface is larger than in liquid near the interface. By increasing of the heat flux in the heater some kind of equilibrium point can be observed, where temperature jump is absent [ Fig. 4(a) ]. The measured temperature profiles have the classical continual shape. The fracture in the temperature profile is observed, which is due to different thermal conductivities of liquid and gaseous phases. By further increasing of heat flux in the heater, the temperature gradient in gas phase changes the direction and the value of the temperature jump becomes positive, see Fig. 3(b) . The slope of the temperature profile becomes steeper, thus the temperature gradient and Fourier heat fluxes in gas and liquid phases. The further increase of the heating leads to increase of the temperature jump and evaporation rate. Figure 4 (b) demonstrates the temperature profile for air-HFE-7100 layer. HFE-7100 is a volatile fluid with heat of vaporization of 112 kJ/kg and boiling point of 61
• C. This liquid cools the heater well due to intensive evaporation. The difference between the temperatures in air and heater is 12.3
• C. Molecular weight of HFE-7100 is 20 times greater than that of water, and molecules have a complex structure, and the method has worked well. It is shown that the liquid film thickness can be detected for different fluids (Figs. 4 and 5) .
The timing error is calculated as the difference between the times of signal acquisition from the microthermocouple and the micropositioner signal. Figures 3 and 4 show that the delay time does not exceed 70 ms, which is sufficient for the present experiment because the size of the microthermocouple bead is an order of magnitude larger than the distance traveled by the microthermocouples during this time. The delay time can be reduced. Characteristic graphs of the relative temperature change with the detection of the film thickness for different liquids can be seen in Fig. 5 .
Under normal conditions, the air temperature is almost always higher than the liquid temperature, so that the temperature difference at the interface is always detected. In the absence of a temperature jump, the interface is determined from the difference in temperature gradients, from the so-called fracture in the temperature profile at the interface that occurs due to the difference in thermal conductivity between the gas and the liquid [ Fig. 4(a) ]. This situation also has an error, which does not exceed the thermocouple bead size. The microthermocouple can be displaced with the speed of 220 nm/s and frequency of readings every 150 ms −1 providing detailed data on temperature each 50 nm. Accordingly, the interfacial position as a point of the temperature profile fracture is determined with accuracy not exceeding the microthermocouple bead size. This procedure is also implemented in the designed software. We have checked the typical fluids and our microthermocouple method is working well. If it is difficult to determine the liquid-gas interface, the thermocouple can be heated specifically for the detection of the interface. But such cases are rare as a rule. In the case of the existence of measurable temperature jump, determined from the kinetic theory, the thermal resistance of the liquid-gas interface can be estimated as Volume 6, Issue 3, 2018
where ∆T is the temperature jump value at the liquid-gas interface, q I is the heat flux at the liquid-gas interface measured from the liquid side. We find the value of the heat flux, q I , from the experimental data of the measured temperature profile. We do not use the data for the heat flux, determined by the power Joule heat released NiCr wire because there are significant heat losses at different level (to liquid and substrate, and due to locality of the heater). The interfacial thermal resistance for water-air system is found to be a quite high, R I = 3.38 cm 2 K/W (q I = 372 W/m 2 ) for a jump value on the order of 0.12 K. The value is calculated from the data reported by Gatapova et al. (2017) .
A precise shadow technique with a video camera providing a resolution of 3 µm/pxl is used to compare measurements of the thickness of liquid film and to control the movements of the microthermocouple. Table 1 . Figure 6 demonstrates the difference between two measured values of film thickness versus film thickness measured by the shadow method. The limits of agreements do not exceed ± 6 µm, which is in accordance with total error contributed by shadow and microthermocouple methods. The resolution of the optical system for the shadow method should be improved for validation of thinner liquid films in the future.
The developed setup can be modified to construct film profiles using an additional second horizontal direction stage and can be improved using nanosized equipment. The data acquisition systems should provide sufficient frequency of readings. In addition, positioners with a step of less than 0.1 nm are currently available in the market, which are used in scanning microscopy. Therefore, the main obstacle to the measurement of very thin films of thickness less than 40 µm is the size of the bead. Note that the surface state of the measured film is also important. The thinner the film, the smoother it should be because the linear dimension of the thermocouple can be 1-2 orders of magnitude greater than its thickness.
The adhesion of the thermocouple to the liquid surface also can be an important factor. We have experimentally tested only common liquids and the system operated well. Metal wires with common liquids have a good adhesion. Perhaps there are liquids for which the method is unsuitable. The problem with adhesion can be solved by using some type of nanocoating or microstructuring of the microthermocouple bead. 
CONCLUSIONS
A contact method measuring the local liquid film thickness on the basis of the abrupt change in temperature at liquidgas interface is reported. Special microthermocouples with a flat bead have been manufactured, and automation software for measurements of temperature profiles, film thickness, and evaporation rate has been developed. The accuracy of the method depends on the sizes of the microthermocouple sensor and the motorized stage step, and currently does not exceed the microthermocouple bead size, 3 µm, which is suitable for measurements of liquid film thickness above 40 µm. The method can be adopted for measurements of void fraction in two-phase flow. Four different types of liquid, H 2 O, C 2 H 5 OH, CH 2 I 2 , and HFE-7100, are used in the experiments for testing of the measuring system. Experiments were done under different quasi-steady heating condition. The measuring system is working well for these different types of fluids and demonstrated good repeatability. Our measurements by microthermocouple have been compared with the measurements by the shadow method, providing a resolution of 3 µm/pxl. And, the results are in excellent agreement.
In the case of the existence of measurable temperature jump, determined from the kinetic theory, the thermal resistance of the liquid-gas interface can be estimated using the data on the temperature profile near liquid-gas interface.
The most important advantage of our technique is that this technique simultaneously provides data on the local film thickness and temperature profile, including the temperature value at the liquid-gas interface, using one instrument with data synchronization. This allows estimating important local characteristics, such as thermal resistance and mass flux. This has not been possible using any existing methods. Also, the measuring system is easy in implementation and does not need an optical system and an optically transparent test cell, as film thickness measurements can be made in a closed opaque cell. The developed setup can be modified to construct film profiles using an additional second horizontal direction stage and can be improved using nanosized equipment.
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